and 2 Novo-Nordisk A/S, Novo Alĺe 1, DK-2880 camembertii (Derewenda et al., 1994b) , Humicola lanuginosa Bagsvaerd, Denmark, 5 Present address: Keck Structural Biology, (Lawson et al., 1994) and Cutinase (Martinez et al., 1992) Cold Spring Harbor Laboratory, 1 Bungtown Rd, NY 11724, USA have been crystallographically resolved. The crystal structures 4 To whom correspondence should be addressed at University of Copenhagen revealed that the catalytic serine is part of a triad equivalent to that found in the serine protease (Brady et al., 1990 ; Winkler The biochemical activity of enzymes, such as lipases, is often et al., 1990; Derewenda and Derewenda, 1991) . The active associated with structural changes in the enzyme resulting site is shielded from the surrounding environment by loops in selective and stereospecific reactions with the substrate.
4 To whom correspondence should be addressed at University of Copenhagen revealed that the catalytic serine is part of a triad equivalent to that found in the serine protease (Brady et al., 1990; Winkler The biochemical activity of enzymes, such as lipases, is often et al., 1990; Derewenda and Derewenda, 1991) . The active associated with structural changes in the enzyme resulting site is shielded from the surrounding environment by loops in selective and stereospecific reactions with the substrate.
and/or helices. The most striking difference between the amino To investigate the effect of a substrate and its chain length acid sequences is their length. For instance, human pancreatic on the dynamics of the enzyme, we have performed molecular lipase contains 449 amino acids (Lowe et al., 1989) , while the dynamics simulations of the native Rhizomucor miehei lipase fungal enzyme from R.miehei contains 269 residues (Boel (Rml) and lipase-dialkylphosophate complexes, where the et al., 1988) . Other related lipases exhibit the same kind of length of the alkyl chain ranges from two to 10 carbon atoms.
variation. The degrees of similarity between the different Simulations were performed in water and trajectories of 400 lipase groups is very low, apart from that in the immediate ps were used to analyse the essential motions in these systems.
environment of the catalytic site. There is a common motif Our results indicate that the internal motions of the Rml and present in most of the lipases: Gly-X 1 -Ser-X 2 -Gly, where X 1 Rml complexes occur in a subspace of only a few degrees of and X 2 are variable residues. The upstream Gly is not conserved freedom. A high flexibility is observed in solvent-exposed in all lipases, e.g. the motifs in Candida antartica lipase B segments, which connect β-sheets and helices. In particular, loop regions Gly35-Lys50 and Thr57-Asn63 fluctuate (Uppenberg et al., 1994) and Bacillus subtilis lipase (Dartois extensively in the native enzyme. Upon activation and et al., 1992) are Thr-X 1 -Ser-X 2 -Gly and Ala-X 1 -Ser-X 2 -Gly binding of the inhibitor, involving the displacement of the respectively. The consensus sequence, Gly-X 1 -Ser-X 2 -Gly, is active site loop, these motions are considerably suppressed.
also observed in other esterases and is part of the substrateWith increasing chain length of the inhibitor, the fluctubinding site (Svendsen, 1994a) . The mechanism of activation ations in the essential subspace increase, levelling off at a for R.miehei lipase (Rml) has been revealed by its crystal chain length of 10, which corresponds to the size of the structure, in which a helical loop is positioned on top of the active-site groove.
catalytic site, effectively acting as a lid, which buries nonKeywords: concerted motion/enzyme activation/lipase/molecupolar residues underneath. The helix is supported by two lar dynamics/protein dynamics extended and flexible segments. The 3-D crystal structure of the Rml enzyme complexed to the substrate analogue diethylphosphate (Brzozowski et al., 1991; Derewanda et al., Introduction 1992) shows that the conformational changes observed during activation involves a rigid body hinge-type motion of a single Lipases (acylglycerol acylhydrolases, EC 3.1.1.3) are efficient helix ('lid'). The resultant complex is thought to be reminiscent catalysts for lipolytic reactions initiating the catabolism of of the tetrahedral transition state which forms on binding fats and oils by hydrolysing the fatty acyl ester bonds of the triglyceride substrate (Dodson and Lawson, 1992) . The acylglycerols (Wulfson, 1994) . Their capability of catalysing displacement of the helix lid exposes previously buried hydroa wide variety of reactions allows a widespread application in phobic residues, which favour interaction with a lipid interface. industry: the removal of oils and fats from fabrics, machinery At the same time, a tryptophan residue located on the underside and waste water, the production of mono-and diglycerides for of the lid, which in the uncomplexed enzyme blocks access food emulsifiers and stereospecific synthesis of compounds to the active serine, faces outward in the activated conformation incuding precursors for biologically active therapeutics, herbiand presumably interacts favourably with the lipid interface cides or pesticides (Macrae, 1983; Macrae and Hammond, (Holmquist et al., 1993) . As the lid rolls over, polar residues 1985; Boland et al., 1991; Haas et al., 1992; van Kuiken and on the lid helix and on the surface adjacent to it become buried Behnke, 1994). Lipases differ from one another in their and water molecules, which in the inactive enzyme form a physical properties and biochemical features and are selective well-defined network on the polar surface, are displaced. This in respect of the length and the level of saturation of the fatty adds a favourable entropic term to the stability of the activated acid chains (Haas et al., 1992) .
enzyme (Ashbaugh and Paulaitis, 1992) . A series of X-ray studies on lipases and related enzymes
The phenomenon of 'interfacial activation' seen in lipases has revealed the structural basis of their catalytic mechanism. The 3-D structures of lipases from Rhizomucor miehei has for a long time given rise to discussion about what determines selectivity. Effective hydrolysis probably depends on structural changes in the enzyme upon activation and the physical state and structure of the lipid substrate. Many lipases are sensitive to surface pressures (Piéroni et al., 1990) , pH (Huge-Jensen et al., 1987) , ionic strength (Lairon et al., 1980) and lipid composition (Muderhwa and Brockman, 1992 (Svendsen, 1994b) . In our previous studies, we have independently investigated the phases and interfacial properties of the lipid substrate (Peters et al., 1994 (Peters et al., , 1995a and the activation process of Rml (Peters et al., 1995b (Peters et al., , 1996a . Our findings showed that electrostatic interactions have a key role in the activation of lipases and, hence, the hydrophilicity of the lipid surface is an important factor in the activation step (Peters et al., 1995a) . The objective of this study is to examine the essential motions and structural changes in Rml when the transition state between the enzyme and substrate is formed. The crystal structures of the transition state itself are not available, since such a state is by its nature unstable. Therefore, we have used the crystal structure of Rml complexed to the substrate analogue diethylphosophate, where we have varied the length of one of the alkyl chains. We have applied the essential dynamics analysis technique (Amadei et al., 1993) to extract information about concerted atomic motions in the protein. This technique has been used to correlate essential motions in lysozyme (Amadei et al., 1993) and thermolysin (van Aalten et al., 1995) to their biological function. Similarly, this study focuses on investigating the effect of the chain length of the substrate (analogue) on the essential motions in the protein, which may increase our understanding of the selectivity of lipases towards the length of the fatty acid chains.
Model and simulation details
The high resolution crystal structures of the native Rml solved to 1.9 Å resolution and a lipase inhibitor complex solved to 2.6 Å resolution (Brzozowski et al., 1991) were used as models for the inactive and active structures respectively. The structures were obtained from the Protein Data Bank at Brookhaven (Bernstein et al., 1977) (entry codes 3tgl and 4tgl). The inhibitor is diethylphosophate, which is covalently bonded to the active site serine. Visual inspection of the structure shows the hydrophobic groove, where the alkyl chain of the substrate is placed during the catalytic reaction (Derewenda, 1994) . We extended the alkyl conformations of the R.miehei lipase. The lid region is indicated by the red colour. In the active form (B), ethyl-decanoylphosophate is covalently chain of the diethylphosophate inhibitor by four and eight bound to the active serine (Ser144). Green, red and yellow represent the methylene groups. The alkyl chains were placed in an all-trans methyl(ene), oxygen and phosphor atoms respectively. conformation using the QUANTA software package (CHARMM, 1992) . Figure 1 (a) and (b) displays the inactive and active conformations of the Rml. The lid region is indicated Examination of the molecular structures and analysis of the trajectories were carried out using the WHAT IF modelling by the red colour. In the active form, ethyl-decanoyl-phosophate is covalently bonded to the active site serine (Ser144). The program (Vriend, 1990 ) and the ESSDYN essential dynamics menu supplied therein. Simulations were performed at 300 K main-chain structure of the Rml is composed of a central β-sheet system of nine strands. The structure is stabilized by with a time step of 2 fs. Periodic boundary conditions were applied using a truncated octahedral simulation cell, filled with three cysteine bridges.
Molecular dynamics simulations were performed using the water molecules taken from an equilibrated liquid configuration. Water was described by the simple point charge (SPC) GROMOS program (van Gunsteren and Berendsen, 1987) . model (Berendsen et al., 1981) . The non-bonded pair list was updated every 10 fs and the non-bonded and electrostatic interactions were truncated at 8 and 10 Å respectively. The SHAKE algorithm (Ryckaert et al., 1977) was applied to constrain the bond lengths to their equilibrium positions and the equations of motion were solved using the Verlet algorithm (Allen and Tildesley, 1989) .
Simulations were started from the crystallographic structure of Rml and subjected to a steepest descents energy minimization for 2500 steps. The final energy derivative was Ͻ0.01 kJ/mol in all simulations. The minimization was followed by a 5 ps molecular dynamics (MD) simulation, where the initial velocities of the atoms were taken from a Maxwellian distribution. Simulations were run for 400 ps and the last 300 analysis. The stability of the simulations was checked by monitoring several geometrical properties (the radius of gyration, number of hydrogen bonds, root mean square displacement, accessibility, number of residues in random coil conformation and number of strained dihedrals) and the last 300 ps trajectories were used for the essential dynamics analyses. The essential dynamics method (Amadei et al., 1993) is based on the diagonalization of the covariance matrix built from atomic fluctuations in a trajectory from which overall the translation and rotations have been removed:
in which X is the separate x, y, z coordinates of the atoms, fluctuating around their average X 0 . The translational and rotational motion were eliminated by fitting on a reference structure. The centres of mass were superposed and subsequently a least-quarter fit procedure on the C α coordinates was performed. The diagonalization of Equation 1 yields a set of eigenvectors and corresponding eigenvalues. The eigenvectors describe directions in the 3N configurational space, representing correlated positional changes of groups of coordinates.
The eigenvalues indicate the total mean square fluctuation along these directions. As a matter of convention, the eigenvectors are The central hypothesis of essential dynamics is that only the eigenvectors with large corresponding eigenvalues are important in describing the overall motion of the protein. In general, it has been shown for several proteins (Amadei et al., 1993; van Aalten et al., 1995 van Aalten et al., , 1996a ) that taking the first few eigenvectors represents~80-95% of the total motion of the protein.
For instance, as shown in Figure 2 , the first 50 eigenvectors describe~85% of the motion in Rml when simulated in an aqueous solution (Peters et al., 1996b) . The motions described by higher eigenvectors are essentially Gaussian (thermal) motions. Figure 3 shows the correlation coefficient between an ideal Gaussian distribution and the distributions calculated from the eigenvectors. The coefficient is~0.95 after 20 eigenvectors. A useful method for comparing the essential dynamics properties of two simulations on similar systems is the socalled 'combined' analysis (van Aalten et al., 1995) . In this method, two or more trajectories, fitted on the same reference structure, are concatenated and a covariance matrix is constructed. The separate trajectories are then projected onto the to be studied. respect to the starting structure, the number of hydrogen bonds (ii) The mean square fluctuation in the projection, revealing a and the radius of gyration. As shown in Figure 4 , a slight difference in dynamics along this direction.
increase in the r.m.s.d. is observed, but the other geometrical Here, this method is applied to the concatenated trajectories quantities are stable and fluctuating around a constant value, of the inactive enzyme and those with the different inhibitors indicating that we have obtained stable trajectories which may bound.
be used for essential dynamics analyses. The basic results of an essential dynamics analysis on lipases Results and discussions has been described elsewhere (Peters et al. 1996b ). We showed that there is a pronounced motion in the lid and that, as also Molecular dynamics simulations of the native Rml and Rmlfound for other proteins, there are only a few 'essential' dialkylphosophate complexes, where the length of the alkyl chain ranges from two to 10 carbon atoms, were performed eigenvectors. To investigate the effect of the inhibitors on the dynamics of the Rml, we have performed a 'combined' and the superpositions of 50 sequential projections of the C α motion onto selected eigenvectors are displayed in Figure 7 . essential dynamics analysis of the trajectories of the native Rml and the Rml-inhibitor complexes. The covariance matrix
In the C α traces, the catalytic residue Ser144 is indicated by the orange colour and the glycines known to be flexible links was constructed from the C α coordinates from the different systems and subsequently diagonalized.
in proteins are coloured purple. In all projections, it is noticeable that the active serine located at the end of a helix is rigid, Motion within the subspace can be studied by projecting the trajectory onto the individual eigenvectors. This dot product whereas fluctuations of the active-site lid (coloured red) are observed along several eigenvectors. The C-terminal is provides information about the time dependence of the conformational changes. The average and mean square fluctuation relatively rigid due to disulphide bridge Cys268-Cys29, which anchors the terminus to the N-terminal helix. It is generally of these projections as a function of eigenvector indices are shown in Figures 5 and 6 respectively. For several eigenvectors, observed that β-sheets are stiff due to the formation of hydrogen bonds between the sheets, whereas α-helices, when exposed the changes in the average projection (structure) and mean square fluctuations (dynamics) correlate with the inhibitor size.
to the solvent in particular, are flexible.
Motions along eigenvectors 1-3 describe mainly conforma-A summary of the involved residues is provided in Table I eigenvectors 6 and 8 are predominantly observed in the native Rml. For eigenvectors 2, 4 and 6, the magnitude of the mean square fluctuations correlates to the inhibitor size, i.e. combinations of 2-6-10 or 10-6-2 are found.
The motions in the subspace spanned by eigenvector 1 correspond to the difference in the equilibrium structures of the native Rml and the Rml-inhibitor complexes and no significant differences are observed in the mean square fluctuations ( Figure 6 ). The configurational changes and fluctuations along eigenvector 2 involve the folding back of loop Leu208-Leu216 and the displacement of hinge region Val97-Lys106. The folding back of loop Leu208-Leu216 widens the groove, but the C10 inhibitor is too short to fill the whole groove and, consequently, segment Val97-Lys106 (a turn which is located at the end of the groove) moves into the free space. Increasing the chain length of the inhibitor causes van der Waals contacts between the methyl group of the inhibitor and residue Pro209. The C6 inhibitor fits well in the active-site groove as indicated Similar conformational changes are seen in the subspace spanned by eigenvector 3 (Figure 7b ). Large displacements tional (static) changes in the Rml structure due to the inhibitor.
are observed in lid region Trp88-Val95, which are larger in There are differences in the fluctuations (dynamics) in the the simulation with the C6 inhibitor ( Figure 6 ). It is the contact motions along eigenvectors Ͼ3. The mean square fluctuations between the Asp91 and the end of the alkyl chains which for eigenvectors 4, 5 and 7 are the highest for the C2, C6 and causes the displacement of the lid. This interaction is not present in the simulations with the C10 inhibitor, since the C10 inhibitors respectively (Figure 6 ). The motions along and its hinge-bend region (Thr93-Pro101). Fluctuations are observed for loops Gly35-Lys50, Thr57-Asn63 and Pro194-Val189. The instability of the last turn is probably due to Gly192 causing a flexible link between a β-sheet and a short helix. The other two turns are exposed to solvent and are not stabilized by hydrogen bonds. It is noticeable that fluctuations along loop Thr57-Asn63 are not found in the simulations with the Rml-inhibitor complexes. The flexibility is drastically reduced by the movement of the lid going from the inactive (closed) to the active (open) conformation. van der Waals interactions between residues in lid region Ser83-Asn87 and loop Thr57-Asn63 cause the turn to be locked between the lid region and link Tyr115-Val118. The motions described by eigenvector 6 are also observed in the Rml-inhibitor complexes. The motion becomes more significant with an increasing alkyl chain length of the inhibitor ( Figure 6 ) and corresponds ment of the lid in the direction normal to the helix. The distortion is damped by Gly104, which forms a flexible link accommodation of C10 requires that the active-site lid opens between active-site hinge region Thr93-Pro101 and a helix. further causing the roll-over of the lid and resulting in the This finding is contrary to the result observed in the direction exposure of Trp84 to the solvent. Shortening the alkyl chain of eigenvector 4, where the fluctuations were mainly observed length of the inhibitor causes a larger range of lid fluctuations in the C2 inhibitor and the amount of fluctuations decreases (Ile89-Val97) as shown in the motion along eigenvector 4 with increasing chain length. Comparing the motions along (Figure 7c ). Fluctuations in active-site loop Arg80-Val95 are eigenvectors 4 and 6, it shows that motions in loop Thr57-correlated with the motion in loop Leu208-216, which is Asn63 are absent in the subspace spanned by eigenvector 4. located opposite active-site hinge region Phe94-Pro96. As the Visualization of several configurations shows that the alkyl length of the alkyl chain increases the interaction decreases chain of the C2 inhibitor is too short and is aligned perpendicand C10 is long enough to cause the folding back of loop ular to the groove, whereas the C6 and C10 inhibitors are long Leu208-Leu216 as seen in eigenvector 2. The motions in the enough to favour a parallel alignment of the alkyl chains. The subspaces spanned by eigenvectors 6 and 8 are predominantly perpendicular conformation of the C2 inhibitor causes hingeobserved in native Rml. In particular, the motions occurring bend region Lys73-Ser84 to be further pushed against turn in the latter subspace are only minor in the Rml-inhibitor Thr57-Asn63 than is observed for the other inhibitors. This effect diminishes with increasing chain length mainly due to complexes. Fluctuations are observed in the active-site helix the parallel orientation of the alkyl chain with respect to can utilize substrate binding energy directly to lower the free energy of activation of the catalysed reaction. To analyse further the groove.
Differences between the C10 and C6 inhibitors seen in eigenthe motion in the enzyme, we have calculated the total fluctuation in the essential space defined by the first 20 eigenvectors. The vectors 4 and 6, reflect the extent of the lid opening. The groove can accommodate a 12-carbon fatty acid chain (Derewenda, total fluctuation as a function of inhibitor size is displayed in Figure 10 . The fluctuations increase with increasing inhibitor 1994). For shorter chains, the groove is partially closed causing a distortion of the lid, i.e. for the C6 inhibitor the lid is open length and seem to level off at an alkyl chain length of 10 carbons. This agrees well with structural considerations. It has around Arg86-Ile89 and further closed at Leu92-Pro96. This twist, which is less pronounced for the C10 inhibitor may generbeen estimated that the groove formed during the activation is long enough to accommodate a 12-carbon fatty acid chain ate unfavourable contacts between the lid and loop Thr57-Asn63 influencing the motion in this turn. The influence of the inhibitor (Derewenda, 1994) . According to the induced fit model (Koshland, 1958) , in the inactive enzyme the residues at the active site is also observed in the motions along eigenvectors 4, 5 and 7, where fluctuations at region Ser82-Ile89 are increased with that are required for catalysis are not located in the correct position to interact with the substrate. The binding of the subincreasing chain length supporting the view that for shorter chains the lid is partially closed. Also motions along loop Gly69-strate creates interactions with the active site that lead to a change in enzyme conformation and shift the catalytic groups into the Thr74 are only found in the C2 and C6 inhibitor complexes. In the C10 complex, this motion is present in loop Thr57-Asn63.
correct positions relative to the reacting groups of the substrate so that the catalysed reaction may take place. Essentially, binding Both loops are separated by a β-sheet and, as discussed earlier, the distortion of the active-site lid, which is observed for the of the substrate causes an entropy variation. The formation of the complex (enzyme-substrate) causes a decrease in entropy, shorter inhibitors, suppresses the fluctuations in loop Thr57-Asn63.
whereas the displacement of water located in the binding pocket increases the configurational entropy of the solvent (Ashbaugh There are several glycines in the Rml structure, which provide flexible links and give rise to the internal motions in Rml. A and Paulaitis, 1992) . The increase in fluctuations ('entropy') observed in Figure 10 is due to the presence of an aqueous moving window superposition method was used to locate the hinge-bend regions in Rml. The root environment. As described earlier, the catalytic reaction takes place in the interfacial plane of the lipid substrate. ing the active conformation. In the simulations, these residues are exposed to an aqueous environment. The unfavourable interinhibitor complex, C6 inhibitor complex, C10 inhibitor complex and water respectively (see Figure 6) . In a residue range Ͼ150, actions between the hydrophobic residues and water cause a destabilization of the active conformation and hence larger flucthe r.m.s.d. decreases with increasing inhibitor size. This is caused by van der Waals contacts between strings Gly175-tuations in the essential space (Figure 10 ). Ala183 and Glu201-Phe215, which are in contact with the inhibConclusion itor. Several glycines (indicated by the filled circles) are conserved in the structures of R.miehei lipase, H.lanuginosa lipase Analysis of the essential motions in lipases is important for a detailed understanding of the relationship between structure (Hll), R.delemar (Rhi) and P.camembertii (Pen). The results of the structural sequence alignment and the structures of the and biological function, which could provide information about possible changes in the lipase function. Progress has been made different lipases are shown in Figure 9 . In general, Hll, Rhi and Pen are structurally similar to the Rml. The active site loop is by several crystallographic studies providing information about the location and nature of the catalytic centre, substrate binding coloured red, whereas loops Gly35-Lys50 and Thr57-Asn63 are coloured yellow and blue respectively. Pairwise comparisons pocket and the structural basis for interfacial activation. However, no attempt has been made to describe in detail the large show that Pen and Hll share 41% of identical amino acids, versus 55% for the Rml-Rhi pair (Derewenda et al., 1994b) . It is concerted motions in the Rml and their relation to the biological function. In the present study, we have investigated the concerted noticeable, that loops Gly35-Lys50 and Thr57-Asn63, which are most affected by the inhibitor, show low homology between motions in the native Rml and the effect of inhibitors on these motions by performing molecular dynamics simulations and the lipases.
The present results indicate that the conformational changes essential dynamics analyses. Fluctuations of the active-site loop and its hinge-bend region (Thr93-Pro101) are observed in sevand internal motions in the protein are significantly influenced by the inhibitor. The formation of an enzyme-substrate intereral eigenvectors. The other hinge-bend region (Lys73-Ser84) shows much less fluctuations, since it is part of the central β-mediate is complex and the favourable binding interaction energy between the active site and substrates and the unfavoursheet system. The combined analysis of the trajectories shows that the flucable binding or exclusion of non-specific substrates may explain the selectivity and specificity of the lipases. Four mechanisms tuations in the essential space initially increase with increasing chain length of the inhibitor. The activation step involves the through which binding energy may be utilized to bring about an increase in the rate of reaction of an enzyme-substrate complex displacement (roll-over) of the active-site helix, by which polar residues on the lid and protein surface are buried and hydroare (i) induced fit, (ii) destabilization of the substrate relative to the transition state, (iii) productive binding and (iv) entropy phobic residues are exposed. The increase in fluctuations corresponds to unfavourable interactions between the non-polar loss (Koshland, 1958; Jencks, 1975) . Induced fit and (non-) productive binding provide mechanisms for specificity and conresidues and water molecules. As observed in many proteins (Amadei et al., 1993; van Aalten et al., 1995 van Aalten et al., , 1996a , the trol, whereas substrate destabilization and the loss of entropy
